Peptidase family S46 consists of two types of dipeptidyl-peptidases (DPPs), DPP7 and DPP11, which liberate dipeptides from the N-termini of polypeptides along with the penultimate hydrophobic and acidic residues, respectively. • Three S46 DPPs are exceptionally present in the genus Bacteroides.
Escherichia coli XL-1 Blue cells carrying respective expression plasmids were cultured in Luria-Bertani broth supplemented with 75 µg/ml of ampicillin at 37 ˚C. Recombinant proteins were induced with 0.2 mM isopropyl-β-thiogalactopyranoside at 30 ˚C for 4 h, then purified from cell lysates using Talon affinity chromatography, as previously reported [2] . Purified samples were stored at -80 ˚C until use.
Measurement of DPP Activity
DPP7 activity was measured with Phe-Leu-and Leu-Leu-MCA, and DPP11 activity was determined using Leu-Asp-and Leu-Glu-MCA, as previously reported [11] . Briefly, the reaction To determine enzymatic parameters, recombinant proteins were incubated with various concentrations of dipeptidyl MCA. Data were analyzed using a nonlinear regression curve fitted to the Michaelis-Menten equation with the GraphPad Prism software program (San Diego, CA).
Values were calculated from three independent measurements and are shown as average ± S.D.
3D Modeling of BfDPP11
In order to obtain insight regarding the 3-dimensional structure of BfDPP11 and particularly its active site, we employed homology modeling. The model was generated via the server Phyre2
(Protein Homology/Analogy Recognition Engine) [24] using the one-to-one threading tool in expert mode. Similar to PeDPP11, BfDPP11 is expected to undergo a conformational change upon peptide binding, resulting in complete formation of the active site. Therefore, PeDPP11 in complex with a peptide was chosen as a template for the modeling routine. The coordinates of PeDPP11 in complex with the dipeptide Arg-Asp (PDB code: 5JWG) [22] were subjected to structural alignment and further model building.
Construction of Phylogenic Trees
In the MEROPS database (release 9.6), 264 members of the S46 family were chosen for construction of phylogenic trees, with ClustalX software [25] used to align the sequences. The conserved amino acid sequence at the C-terminal region (Pro 571 -Leu 700 of PgDPP11) was used for generating the phylogenic trees. Phylogenic analysis with the neighbor-joining (NJ) algorithm [26] was conducted using MEGA version 5 [27].
Miscellaneous
Recombinant proteins (0.4 µg) were separated by PAGE in the presence of 0.1% (w/v) of SDS with a polyacrylamide concentration of 10% (w/v). Separated proteins were stained with Coomassie Brilliant Blue. Protein concentrations were determined by the Coomassie Brilliant Blue dye method (Bio-Rad) using bovine albumin as a standard. Met-Leu-, His-Ala- (Table 2) , and Lys-Ala-MCA (data not shown). Thus, Leu-Leu-and
Results

Characterization of Three S46-Family Members in the Genus
Phe-Leu-MCA were used in the present study for measurement of DPP7 activity.
Species of the genus Bacteroides frequently contain three genes of the S46 family (Supplemental Table S1 ), and their annotation based on the full-length similarity to PgDPP7 and PgDPP11 was confusing. For example, two genes (BF9343_2924, BF9343_2925) in B. fragilis are annotated as DPP11 (Table 3); BF9343_2925 with Arg  673 seemed to be DPP11, while BF9343_2924 carrying Gly 673 could be DPP7 according to the classification of DPP7 with the S1 Gly 673 residue.
(BfDPP7). These findings demonstrated that the presence of Gly 673 is a definitive feature of DPP7, while the annotation based on the full-length amino acid sequence similarity misled the identification.
In addition, the enzymatic property of the putative DPP7 gene BF9343_0130 (MER039992) (Gly 673 ) was examined. BF9343_0130, which shows approximately 43% amino acid similarity to PgDPP7, was successfully expressed and purified (Fig. 1) . However, the purified protein hydrolyzed neither Leu-Leu-nor Leu-Asp/Glu-MCA, and did not hydrolyze any other synthetic substrates for DPPs, such as Gly-Pro-, Ser-Tyr-, Gly-Phe-, Met-Leu-, Lys-Leu-, and Lys-Val-MCA (data not shown (Fig. 2 ).
Purified recombinant DPP11s were found to migrate at 70-to 85-kDa positions on SDS-PAGE, reflecting their calculated molecular masses. All DPP11 molecules except for S. putrefaciens DPP11
showed hydrolyzing activities more preferential for Leu-Asp-to Leu-Glu-MCA, though B. vulgatus DPP11 (BvDPP11) displayed extremely low activities. The ratios of activity toward Leu-Glu-MCA per those for Leu-Asp-MCA of P. gingivalis, P. endodontalis, and C. gingivalis DPP11 were 0.47, 0.34, and 0.34, respectively, while the ratios of BfDPP11 and BvDPP11 were substantially lower (0.014 and 0.018, respectively). The k cat /K m value of BfDPP11 for Leu-Asp-MCA was 40.9 ± 4.4
(µM -1 sec -1 ) and for Leu-Glu-MCA was 0.87 ± 0.04 (µM -1 sec -1 ), indicating that BfDPP11 cleaves
Leu-Asp-MCA at a level 47-fold more efficiently as compared to Leu-Glu-MCA. Hence, even though the substantially low k cat /K m value of BfDPP11 for Leu-Glu-MCA was caused by both a decrease in k cat and an increase in K m , it was evident that the increase in K m had a larger impact on activity between those of the respective mutants. We also performed two reverse mutations with PgDPP11, Thr650Asn, and Asn670Gly. As a result, PgDPP11 Thr650Asn completely lost the activities for Leu-Asp-MCA and Leu-Glu-MCA, and PgDPP11 Asn670Gly revealed extremely low activities for those (0.53% and 0.18%, respectively). Therefore, all mutations except for Gly670Asn in BfDPP11 had effects on the activities of BfDPP11 or PgDPP11. In particular, it should be emphasized that mutual exchanges between Thr 650 of PgDPP11 and Asn 650 of BfDPP11 partially mimicked the change between PgDPP11 and BfDPP11.
When the amino acid substitutions at positions 650, 670, and 678 were reexamined in the sequences, only Thr 650 and Asn 650 were found to be strictly distributed in non-Bacteroides and Bacteroides DPP11, respectively (Fig. 4) . In contrast, residues at positions 670 and 678 had variations even among listed DPP11s, findings compatible with our biochemical data ( Fig. 6 ).
Nevertheless, it should be noted that the Leu-Glu-MCA/Leu-Asp-MCA ratio of PgDPP11 (0.468) was still much greater than that of BfDPP11 Asn650Thr (0.038), suggesting that other factors may be involved in this phenomenon.
Discussion
To date, the enzymatic properties of both DPP7 and DPP11 have been characterized in only three bacterial species, i.e., P. gingivalis [1, 2] , P. endodontalis [2, 28] The present findings also indicate the existence of the third group in S46 peptidase, which has been annotated simply as DPP7 in Bacteroides species. Although these putative DPP7 genes, such as BF9343_0130 and Bovatus_03382, showed more than 40% sequence similarity to PgDPP7 and carrying Gly 673 , they showed no hydrolytic activity for the dipeptidyl MCA currently available in our laboratory. In vitro mutagenesis analysis further indicated that BF9343_0130 and Bovatus_03382 are substantially distant from DPP7 as well as DPP11. The possibility of a pseudogene cannot be excluded in this entity, however, general distribution of the third S46 gene in the genus Bacteroides strongly suggests its physiological significance. Among previously reported DPPs, DPPX/DPP10, possessing structural similarity to DPP4, has no peptidase activity due to a point mutation in its active site [30] . In this analogy, the third group of S46 members might have no peptidase activity. A further study should be needed for characterization of this group.
Taken together, we propose that there are three members of the S46 family, DPP7, DPP11, and an uncharacterized group. We previously reported that the phylogenic tree of the S46 family, with construction based on the C-terminal conserved region (Ser 571 -Leu 700 ) rather than the tree based on the full-length form, matches the distribution of DPP7 and DPP11 [20] . Since the present analysis demonstrated the presence of Bacteroides-type DPP11 and the third S46 group members, we reexamined the phylogenic tree. As shown in Fig. 7 , S46 peptidases have two branches of DPP7, one that includes Porphyromonas and Bacteroides species, and the other with Shewanella and Xanthomonas species. DPP7 and DPP11 of the genus Bacteroides form branching links independent of other DPP7 and DPP11 groups, respectively, and the third group is arranged at the opposite end from Bacteroides DPP7. As a result, classification of most parts of S46 peptidases was ascertained in the present study, except for Group 1, which is composed of an unassigned S46 peptidase possessing Gly 673 or Ser 673 . The members of this branch seem to have sequence variations, and compose a mixture of DPP7 and DPP11.
In P. gingivalis, the two S46-family genes are localized at separate loci as PGN_0607 (DPP11) and PGN_1479 (DPP7). In contrast, two of the three S46 family genes of Bacteroides species are adjacently located, i.e., BF9343_2924/DPP7 and BF9343_2925/DPP11 in B. fragilis are one-base overlapped at the stop codon TAA of the former and start codon, ATG, of the latter (overlap underlined). Moreover, the genes of Bovatus_00117/BfDPP11 and Bovatus_00118/BfDPP7 in B.
ovatus are directly connected without a gap. Hence, these two genes form an operon. These observations suggest that the gene duplication possibly occurred in an S46-family ancestor gene, then became to the DPP7 and DPP11 genes. In contrast, the third S46-family gene is separately localized from the other two S46-family genes on the genome, and amino acid identity between BfDPP7 and BfDPP11 (42.8%) was found to be higher than that between BF9343_0130
(unidentified group) and BfDPP7 (37.5%), as well as that between BF9343_0130 (unidentified group) and BfDPP11 (35.7%) ( Table 3) .
Finally, it is important to emphasize that newly synthesized Phe-Leu-and Leu-Leu-MCA are more potent DPP7 substrates compared to Lys-Ala-and Met-Leu-MCA, which were previously used. These substrates should be valuable for examining the DPP7 activities of oral and intestinal bacterial cells. However, we would like to note that k cat /K m of PgDPP7 for Leu-Leu-MCA was still at a one to 34 ratio of that of P. gingivalis DPP4 for Gly-Pro-MCA [15] and one to 14.5 of that of PgDPP11 for Leu-Asp-MCA. We suppose that this may be due to the necessity in DPP7 for exertion of the broad specificity. In other words, in contrast to DPP4 and DPP11, which are highly specific for Pro and Asp/Glu, respectively, DPP7 is able to accept P1-position hydrophobic residues with various residual groups. This redundancy of DPP7 may be achieved by a sacrifice in k cat /K m value.
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